Chronic exposure to low levels of lead causes sustained NADPH oxidase in lead-induced hypertension.
genesis of lead-induced hypertension (HTN). We have further shown evidence of increased hydroxyl radical (·OH) and super-we have demonstrated that lead-induced HTN is associoxide production in lead-treated rats and cultured endothelial ated with oxidative stress and increased production of cells. This study was designed to determine whether oxidative reactive oxygen species (ROS). We have further shown stress in animals with lead-induced HTN is associated with that the associated oxidative stress plays a major role in dysregulation of the main antioxidant enzymes namely superthe pathogenesis of HTN via avid inactivation/oxidation oxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX) or increased superoxide producing enzyme nicoof nitric oxide (NO) by ROS [1, 4] . In fact, alleviation tinamide adenine dinucleotide (phosphate) oxidase [NAD(P)H].
of oxidative stress by a variety of antioxidants resulted
Methods. Male Sprague-Dawley rats were randomly assigned in marked amelioration of HTN and enhanced NO availto lead-exposed and control groups. Animals in the lead-exability in rats with lead-induced HTN [1, [3] [4] [5] . Avid inacposed group were provided with drinking water containing 100 ppm lead acetate for 12 weeks. The control group was provided tivation of NO by ROS was invariably associated with with regular drinking water. At the conclusion of the experia compensatory up-regulation of NO synthase (NOS) ment, immunodetectable Cu Zn SOD, Mn SOD, CAT, GPX isoforms that was largely reversed by antioxidant therapy and gp 91 phox subunit of NAD(P)H oxidase were determined in lead-treated animals [3, 5] .
by Western analysis in the kidney, brain and left ventricle of control and lead-exposed rats. Subgroups of the study animals In a series of earlier studies, we found strong evidence were treated with IV infusion (180 mol/kg/h) of the superoxfor increased hydroxyl radical (·OH) in the lead-treated ide trapping agent, tempol, and arterial pressure and urinary rats and cultured endothelial cells. For instance, using a nitric oxide (NO) metabolite (NO x ) excretion were determined. salicylate trapping technique, we found a marked increase Results. Lead exposure for 12 weeks resulted in a marked rise in systolic blood pressure, a significant reduction in urinary in ·OH radicals in various tissues of lead-treated rats and NO x excretion, a significant increase in kidney and brain Cu, Zn in lead-treated cultured endothelial cells [9, 10]. The role SOD, a significant increase in brain and insignificant increase in of excess ·OH activity was further confirmed by the obkidney and heart gp 91 phox. In contrast, Mn SOD, CAT and servations that intravenous administration of the reputed GPX in the kidney, brain and left ventricle were unchanged. Incubation with lead acetate did not alter SOD activity in vitro.
·OH scavenger, dimethythiourea (DMTU), resulted in
Infusion of tempol significantly lowered arterial pressure and a marked amelioration of HTN and increased urinary raised urinary NO x excretion in the lead-exposed group (but excretion of NO metabolites (NO x ) in rats with leadhad no effect in the control group) pointing to increased superinduced HTN [10]. In contrast, intravenous administraoxide production in the lead-exposed animals.
Conclusion exposure on SOD production in cultured human coronary endothelial cells. The results revealed a marked  2003 by the International Society of Nephrology increase in lipid peroxidation product, malondialdehyde Determination of response to intravenous tempol (MDA), denoting oxidative stress, coupled with a com-Under general anesthesia with thiobutabarbital (100 pensatory up-regulation of endothelial NO synthase mg/kg IP), the animals were instrumented as follows: A (eNOS) expression in lead-treated endothelial cells. The tracheostomy was performed and a PE-240 catheter was study further revealed normalization of MDA producplaced in the trachea. A PE-90 catheter with a flared tip tion and eNOS expression by superoxide-trapping drug was placed in the bladder for urine collection. In additempol in lead-exposed (but not control) cells [12] . The tion, PE-50 catheters were placed in the left carotid arlatter study provided strong evidence for increased sutery and right jugular vein for direct blood pressure meaperoxide production in lead-treated endothelial cells. surement and intravenous infusions, respectively. After These in vitro findings were subsequently confirmed in a 60-minute equilibration and a 30-minute saline infusion our in vivo studies, which showed amelioration of HTN control period, animals were treated with continuous and oxidative stress together with enhanced NO avail-IV infusion of tempol (180 mol/kg/h) for 30 minutes ability and reversal of compensatory up-regulation of followed by a 30-minute recovery period during which NOS isoforms by tempol administration in rats with leadsaline was infused. All infusions were carried out at a induced HTN [5] . Since ·OH is produced from interacrate of 2 mL/kg/h. Urine samples were collected during tion of superoxide and hydrogen peroxide (H 2 O 2 ) via each period and blood samples were obtained at the end Fenton or Haber Weiss reactions, elevation of superoxof the control, tempol treatment and recovery periods. ide production or its reduced dismutation can readily Arterial blood pressure was monitored directly via the account for increased ·OH production in lead-treated carotid catheter that was connected to a Gould P-50 cultured cells and in intact animals observed in our earpressure transducer and recorded on a Dynograph lier studies [9, 10]. The present study was undertaken to R511A recorder (Sensor Medics, Anaheim, CA, USA) explore whether oxidative stress in lead-induced HTN is as previously described [13] . due to down regulation of the main antioxidant enzymes, that is, superoxide dismutase (SOD) isoforms, catalase Measurements of SOD, catalase, glutathione peroxidase and gp 91 phox proteins (CAT) and glutathione peroxidase (GPX), or up-regulation of the superoxide-generating enzyme, NAD(P)H Homogenates (25% wt/vol) of kidney, heart (left venoxidase.
tricle) and brain were prepared in 10 mmol/L HEPES buffer, pH 7.4, containing 320 mmol/L sucrose, 1 mmol/L ethylenediaminetetraacetic acid (EDTA), 1 mmol/L di-METHODS thiothreitol (DTT), 10 g/mL leupeptin, 2 g/mL aproti-Animals nin and 1 mmol/L phenylmethylsulfonyl fluoride (PMSF) Male Sprague-Dawley rats with an average weight of at 0 to 4ЊC with a polytron homogenizer. Homogenates about 200 g were housed in a climate controlled lightwere centrifuged at 9000 ϫ g for 10 minutes at 4ЊC regulated space with 12-hour light (Ϸ500 Lux) and dark to remove nuclear fragments and tissue debris without cycles. They were fed a regular rat chow ad libitum. The precipitating membrane fragments. A portion of the suanimals were randomly assigned to lead-exposed and pernatant was used to determine the total protein connormal control groups. Animals in the lead-exposed centration by using a Bio-Rad kit (Hercules, CA, USA). group were provided with a drinking water containing Total cellular protein (1 g for Cu, Zn SOD and 20 100 ppm lead acetate for 12 weeks. The control group g for Mn SOD, catalase, glutathione peroxidase and was provided with regular drinking water. gp 91 phox assays) was electrophoresed in 4 to 20% Tris-At the conclusion of the observation period, tail arteglycine sodium dodecyl sulfate (SDS) polyacrylamide rial pressure was measured and animals were placed in gels (Novex, San Diego, CA, USA). Proteins were transmetabolic cages for a timed urine collection. The next ferred onto nitrocellulose membranes (Millipore Corp., day, the animals were anesthetized with an intraperito-Bedford, MA, USA), blocked in 5% dry milk in T-TBS neal injection of sodium pentobarbital (50 mg/kg) and (0.02 mol/L Tris/0.15 mol/L NaCl, pH 7.5 containing euthanized by exsanguination using cardiac puncture. 0.1% Tween 20) at room temperature for three hours, Kidney, brain and heart were immediately harvested, washed three times with T-TBS and incubated with the cleaned, snap-frozen in liquid nitrogen and stored at primary antibodies to the Cu, Zn SOD, Mn SOD (1:1000), Ϫ70ЊC until being processed. The procedures were carcatalase (1:2000), glutathione peroxidase (1:250) and gp 91 ried out between the hours of 9 a.m. to 11 a.m.
phox (1:2000) for three hours at room temperature. All An additional group of six lead-exposed and six conof these antibodies were purchased from Calbiochem (San trol rats were instrumented and used for the assessment Diego, CA, USA). After washing five times with T-TBS, of changes in blood pressure and urinary NO x excretion the blots were incubated with secondary antibodies (antiin response to a single IV infusion of tempol (Sigma sheep for Cu, Zn SOD, Mn SOD and glutathione peroxidase, 1:2000 and anti-rabbit for catalase 1:2000) conju-Chemical Co, St. Louis, MO, USA) as described below. gated with horseradish peroxidase at room temperature for two hours. After washing five times with T-TBS, the membrane was developed using enhance chemilumines- were scanned with a laser densitometer (Model PD 1211; Molecular Dynamics, Sunnyvale, CA, USA) to determine the relative optical densities of the bands. In all instances, RESULTS the membranes were stained with Ponceau stain, to ver-General data ify the uniformity of protein load and transfer efficiency across the test samples. Membranes failing the test were Compared to the control group, the lead-exposed rats discarded and measurements were repeated. exhibited a significant elevation of arterial pressure. Arterial pressure measurements obtained by tail plethys-Measurement of arterial pressure mography closely approximated values obtained by direct Arterial pressure was determined by tail plethysmomeasurements via carotid artery catheters. Elevation of graphy (Harvard Apparatus, Natick, MA, USA) as dearterial blood pressure in the lead-exposed rats was couscribed in our earlier studies [2] .
pled with a significant reduction in urinary NO x excretion. No significant difference was found in either body Effect of lead on SOD activity weight, serum creatinine or creatinine clearance between In an attempt to explore possible effects of lead on the lead-exposed and the control groups at any point SOD enzymatic activity, purified SOD preparations from during the study period. Data are depicted in Table 1 . bovine erythrocytes (Sigma) were assayed in the pres-Effect of tempol infusion ence of different concentrations (0, 0.1, 0.25, 2.5, and 25 mol/L) of sodium acetate or lead acetate at room Intravenous infusion of tempol in rats with leadtemperature.
induced HTN resulted in a significant decline in arterial In another series of experiments, purified SOD prepapressure to the values that were comparable to those rations, as well as rat liver cytosols were incubated in seen in the normal control group. The effect of tempol on the presence of 0, 0.1, 0.25, 2.5 and 25 mol/L sodium arterial pressure persisted during the 30-minute period acetate or lead acetate for 20 hours at room temperature following cessation of tempol infusion. In contrast, temand SOD activity was then determined by using a kit pol infusion did not significantly alter arterial pressure purchased from R & D Systems (Portland, OR, USA).
in the control animals. The decline in arterial pressure during tempol infusion was coupled with a significant Measurement of total nitrate and nitrite (NO x ) rise in urinary NO x in rats with lead-induced HTN. As The concentration of NO x in the test samples was with arterial pressure, the effect of tempol on urinary determined by means of the Sievers Instruments Model NO x excretion persisted during the 30-minute recovery 270B Nitric Oxide Analyzer (NOA; Sievers Instruperiod after cessation of tempol infusion in the leadments, Boulder, CO, USA) as described earlier [14]. exposed animals. In contrast, tempol infusion had no effect on urinary NO x excretion in the control group Data analysis (data are shown in Figs. 1 and 2 ). Data are expressed as mean Ϯ SEM. Analysis of vari-Tissue SOD isoforms ance (ANOVA), multiple range test and the Student t test were used as appropriate. P values less than 0.05 were Data are depicted in Figures 3 to 5 . The lead exposed animals exhibited a significant increase in immunodetect-considered significant. able Cu, Zn SOD abundance in the kidney and brain tissues as compared with the corresponding values found in the control group. However, left ventricular Cu, Zn SOD abundance was similar in the two groups. Although the mean Mn SOD abundance in the left ventricle and brain tissues was higher in the lead-exposed animals, the difference did not reach statistical significance.
Effect of lead on SOD activity in vitro
No significant difference was found in the SOD activity when purified SOD preparations were assayed in the presence of 0, 0.1, 0.25, 2.5 and 25 mol/L sodium acetate (placebo) or lead acetate (Fig. 6A) .
In another series of experiments, purified SOD preparations ( Fig. 6B) as well as the rat liver cytosols (Fig.  6C) were incubated in the presence of 0, 0.1, 0.25, 2.5 and 25 mol/L sodium acetate (placebo) or lead acetate for 20 hours at room temperature. Once again, extended exposure to lead acetate had no effect on the SOD enzyme activity of the given preparations when compared to the sodium acetate or untreated group.
Tissue catalase and glutathione peroxidase data
Results are illustrated in Figures 3 to 5 . No significant 
Tissue gp 91 phox data
Data are shown in Figure 7 . gp 91 phox protein abundance was significantly higher in the brain and insignifitenance of various forms of genetic and acquired HTN. cantly higher in the renal cortex and heart of the lead-First, increased ROS activity has been found in animals treated group as compared with the control group. and humans with various forms of HTN. and women with pre-eclampsia [28] . Second, alleviation a rise in urinary NO x excretion pointing to improved NO availability, which could account, at least in part, for of oxidative stress with a variety of antioxidant regimens has been shown to ameliorate HTN in several different the fall in blood pressure in lead-exposed animals. In contrast to the lead-exposed animals that showed a dra-forms of HTN [1-4, 15, 21-25] , thus enforcing the notion that oxidative stress contributes to the maintenance of matic fall in arterial pressure and a rise in urinary NO x excretion, normal control animals exhibited no discern-HTN. Finally, we recently showed that induction of oxidative stress by glutathione depletion causes severe sus-ible response to tempol administration. This observation argues against a nonspecific effect of tempol on either tained HTN in genetically normal, otherwise intact animals, thus, providing convincing evidence that oxidative arterial pressure or urinary NO x excretion and points to increased abundance of superoxide in rats with lead-stress, per se, can cause HTN [29] .
In a series of earlier studies, we have shown that lead-induced HTN.
While the presence of oxidative stress in lead-induced induced HTN is associated with and is due, at least in part, to increased ROS activity [1-4, 10, 11] . The studies HTN is well established, its underlying mechanism is unknown. Oxidative stress can occur as a result of either further showed evidence for increased superoxide [5, 12] and hydroxyl radical production in lead-exposed rats and increased ROS generation, depressed antioxidant system or both. The natural antioxidant system consists of a cultured endothelial cells [10, 11] .
Intravenous infusion of tempol, which has been shown series of antioxidant enzymes and numerous endogenous and dietary antioxidant compounds that react with and to trap superoxide [30, 31] , resulted in normalization of arterial pressure in rats with lead-induced HTN em-inactivate ROS. The primary ROS produced in the aerobic organisms is superoxide that is a highly reactive and ployed in the present study. This was accompanied by cytotoxic agent. Superoxide is converted to H 2 O 2 by a nificant change in the enzymatic activity of SOD after incubation with different concentrations of lead acetate. group of enzymes known as SOD. H 2 O 2 , in turn, is converted to water and molecular oxygen by either CAT or Catalase is a tetrameric peroxidase enzyme which converts H 2 O 2 to water and molecular oxygen and whose gene GPX. In addition, GPX can reduce lipid peroxides and other organic hydroperoxides that are highly cytotoxic expression is regulated by H 2 O 2 [32] . CAT plays an important role in ROS metabolism and in adaptation to oxi-products. Accordingly, SOD, CAT and GPX constitute the principal components of the antioxidant defense sys-dant stress [32] . Immunodetectable CAT abundance in the kidney, brain and left ventricle of rats with lead-induced tem and their deficiencies can cause oxidative stress. The present study, therefore, was conducted to determine HTN was similar to that found in the control animals. Thus, chronic exposure to low levels of lead does not the effect of chronic exposure to low levels of lead that causes longstanding HTN and oxidative stress on the appear to affect tissue CAT abundance in this model. Glutathione peroxidase is a selenium-containing tetra-abundance of these enzymes. The study revealed a mild but significant increase in immunodetectable Cu, Zn SOD meric enzyme that reduces H 2 O 2 , lipoperoxides and organic hydroperoxides using glutathione as a hydrogen abundance in the kidney and brain of rats with leadinduced HTN. However, immunodetectable Mn SOD donor. Gene expression of GPX is up-regulated by H 2 O 2 and other ROS [32] . As with CAT, tissue abundance of abundance was not significantly altered in the lead-exposed animals. These findings clearly exclude a quantita-GPX was not altered in rats with lead-induced HTN. Based on our findings, oxidative stress in lead-induced tive deficiency of intracellular SOD isoforms in this model. Moreover, in vitro experiments revealed no sig-HTN does not appear to be due to a primary down regula- Fig. 6 . Purified Cu, Zn SOD preparations from bovine erythrocytes acetate (placebo) or lead acetate for 20 hours at room temperature and (Sigma) were assayed in the presence of various concentrations of sodium the enzyme activity was then measured by using a kit purchased from acetate (placebo; ᭺) or lead acetate (᭹; A ). In another series of experi-R&D Systems. One SOD unit is defined as the activity that doubles the ments, purified Cu, Zn SOD preparations (B ) or control rat liver cytosols auto-oxidation rate of the control blank (Vs/Vc ϭ 2) as described in the (C ) were incubated in the presence of various concentrations of sodium manufacturer's directions. The x-axis is presented on a logarithmic scale.
